In all multicellular organisms, germ cells originating from a fertilized egg have the highly specialized role of transmitting genetic information to the next generation. In many animal species, the establishment of the germ cell lineage is regulated by the maternally inherited germplasm. In mammals, however, germline determination is not based on the unequal distribution of maternal determinants. In the processes of mammalian germ cell formation and subsequent differentiation, the molecular basis of the acquisition of germ cell status is not well understood. Since migrating primordial germ cells (PGCs) are lineage-restricted to the germline, they have already acquired a germ cell specific fate distinct from that of pluri/multi-potent stem cells. However, there have been no molecules known to be expressed in migrating PGCs but not in the inner cell mass of blastocysts. Such molecules should be involved in early germ cell development, and they should make good markers for following the process of PGC formation. To identify such molecules, we performed a subtracted cDNA screening with migrating PGCs and blastocysts in mice, and isolated 11 clones preferentially expressed in PGCs. Here, we report the identification of two genes with similarity to human interferon-induced transmembrane protein (Ifitm) genes, and expression patterns of these genes in forming and in differentiating PGCs. During germ cell formation, mouse Ifitm like (mil)-1 was expressed in putative PGC ancestors in embryos at 6.5-7.5 days post coitum. In migrating PGCs, mil-1 expression was continuously observed and mil-2 expression was first detected during germ cell differentiation. q
Results and discussion
In mice, the inner cell mass (ICM) of preimplantation blastocysts and the epiblast of early implanted embryos have pluri-potency, and those cells are still not lineagerestricted to the germline (Soriano and Jaenisch, 1986; Gardner, 1985) . Later, the germline ancestor cells, which give rise to both primordial germ cells (PGCs) and extraembryonic mesoderm cells, are located in the proximal rim of the epiblast adjacent to the extraembryonic ectoderm before the onset of gastrulation (Lawson and Hage, 1994) . Reciprocal transplantation of small cell masses between the proximal and the distal regions of the epiblast suggested that epiblast cells were still not committed to any specific lineage, including germline (Tam and Zhou, 1996) . PGCs, which are histologically identifiable by their high tissue non-specific alkaline phosphatase (TN-AP) activity, are first found in the gastrulating embryo at 7.25 days post coitum (dpc) as a small group of cells in the extraembryonic region posterior to the primitive streak (Ginsburg et al., 1990) . Currently, there are no molecules which are specifically expressed in migrating PGCs and are involved in the acquisition of germ cell specific fate distinct from that of pluri/multi-potent stem cells in mammals. To identify such molecules, we performed the subtraction cDNA screening between migrating PGCs and the ICM of blastocysts in mice. We report here the identification of migrating PGCs specific genes showing similarity with human interferon-induced transmembrane protein gene (Ifitm) genes and their expression patterns in forming and differentiating PGCs.
Subtraction cDNA screening
To identify genes expressed in germ cells but not in pluripotent stem cells, we chose migrating PGCs from 8.5 to 9.5 dpc embryos and the ICM of blastocysts for the subtraction cDNA screening. The screen yielded 11 independent clones showing significant expression in PGCs and no or weak expression in blastocysts and/or somatic cells (from 13.5 dpc whole embryos without gonads)(data not shown). Two out of 11 clones, one of which was present at the highest frequency (37%) in this screening, showed similarity to members of human Ifitm gene family, and we designated them mouse Ifitm like gene 1 (mil-1) and mil-2, respectively.
Structure of mil family genes
We found four mil genes among expressed sequence tag (EST ) sequences containing open reading frames, and two of them were identical to mil-1 (#AK003407; 649 bp) and mil-2 (#AK004121; 550 bp and #XM-133930.1; 870 bp). The others will be referred to as mil-3 (Ifitm3 like gene, #NM-030694.1; 646 bp) and mil-4 (#AK017110; 1958 bp) (Fig. 1A) . The human Ifitm genes are highly inducible by interferons; they were isolated by differential screening (Friedman et al., 1984) . Human Ifitm genes and mil genes encode structurally related polypeptides containing two putative transmembrane domains. There is high amino acid sequence conservation of the more N-terminal transmembrane domain and the region between the two transmembrane domains (Fig. 1B) . Analysis of a bacterial artificial chromosome genomic clone containing mil-1 and searching the National Center for Biotechnology Information genome database, showed that mil-1, mil-2, and mil-3 occur in a single 60 kb region of chromosome 7 (Fig. 1C) , while mil-4 was mapped to chromosome 16. Both mil-1 and mil-3 contain two exons. mil-2 may have at least two transcription start sites, which would generate differentially spliced transcripts containing two exons (mil-2a; 550 bp) or three exons (mil-2b; 870 bp). mil-2a and mil-2b have an identical open reading frame but different 5 0 -untranslated regions (Figs. 1A,C) . mil genes, like human Ifitm genes, lack a TATA-box in the 5 0 -flanking region. Both mil-1 and mil-3
have one or more interferon-stimulable response elements (ISREs), which are necessary for the Ifitm expression in response to interferon stimulation (Reid et al., 1989) , in their 5 0 flanking region, but mil-2a and mil-2b have no ISRE (Fig. 1C) . The overall genomic organization of mil-1, mil-2, and mil-3 showed striking similarity to that of human Ifitm1/9-27, Ifitm2/1-8D, and Ifitm3/1-8U (Lewin et al., 1991) .
Expression profiles of mil-1 and mil-2
Southern blot analysis using the cDNA pools revealed that both mil-1 and mil-2 were expressed at high levels in PGCs of both 9.5 and 13.5 dpc embryos compared to 6.5 dpc whole epiblasts and at not detectable levels in blastocysts ( Fig. 2A) . Although RT-PCR amplification showed the lowlevel expression of mil-1 and mil-2 in blastocysts and other somatic cells, the expression of mil-1 and mil-2 was much stronger in PGCs (data not shown). Expression profiles of mil-1 and mil-2 in male and female gonads through developmental stages were also examined by Southern blot analysis of RT-PCR products. Expression of mil-1 was strongest in adult ovaries, while mil-2 expression was strongest in 13.5 and 17.5 dpc female gonads (Fig. 2B) . Expression of both mil-1 and mil-2 tended to be higher in female gonads than in male gonads.
mil-1 and mil-2 expression in migrating and gonadal PGCs
To confirm the expression of both mil-1 and mil-2 in migrating and gonadal PGCs, 9.5 dpc embryos or gonads from 13.5 dpc embryos were subjected to whole-mount fluorescence in situ hybridization of with the oct-3/4 probe and a mil-1 or mil-2 probe. As shown in Fig. 3 , the expression of mil-1 and mil-2 was detected in all of the PGCs that expressed oct-3/4 in 9.5 dpc embryos. Similarly, both genes were expressed in PGCs in male and female gonads of 13.5 dpc embryos (Fig. 4) . Thus, both mil-1 and mil-2 appear to be expressed in all PGCs at 9.5 and 13.5 dpc but not in surrounding somatic cells. The G3PDH probe provides an internal control for each of the cDNA pools. B; blastocyst cDNA pool. E; whole epiblast cDNA pool (6.5 dpc). P9; cDNA pool of collected 9.5 dpc PGCs. P13; the cDNA pool of collected 13.5 dpc male and female PGCs. (B) Southern blot analysis of RT-PCR products of mil-1 and mil-2 in male and female gonads through various developmental stages. Hprt is an internal control for RT-PCR amplification.
mil-1 expression in early embryos
To determine when expression of mil-1 and mil-2 begins, we used the whole-mount in situ hybridization to examine early embryos. No signal for mil-1 or mil-2 was apparent in the ICM of blastocysts by this method (Figs. 5A,B) , which was consistent with the Southern blot analysis of cDNA pools ( Fig. 2A) . Weak expression of mil-1 was first detected in the proximal region of 6.5 dpc epiblast, where germ cell ancestors were located (Fig. 5E) . In 6.75-7.25 dpc embryos, stronger expression of mil-1 was observed in clustering cells in the extraembryonic region posterior to the primitive streak (Figs. 5F-H and data not shown), which may contain forming PGCs and their neighbour somatic cells. In the cluster of cells of 7.25 dpc or later embryos, PGCs could be identified as single cells by their characteristic TN-AP activities (Fig. 5I) . Intense mil-1 signals were also observed in 7.5 dpc embryos in putative PGCs that had moved from the cluster of cells (Figs. 5K,N) . The expression of mil-1 was also detected in PGCs of 8.0 and 8.5 dpc embryos continuously (Figs. 5Q,R) . The signals of mil-1 seemed to be weak around 8.0 dpc, since the incubation time for the detection of those signals in 7.75-8.25 dpc embryos was much longer than one for 9.25 and/or 7.25 dpc embryos. For mil-2, definite signals could not be detected in 6.5 dpc embryos, but signals were observed in embryonic and extraembryonic mesoderm in 7.25 dpc embryos (Fig. 5J) . At 7.5 dpc, weak expression of mil-2 was found in the base of the allantois, though putative PGCs that had moved from the cluster of cells did not show distinct expression (Figs. 5L,O).
Sequential changes of mil-1 and mil-2 expression in migrating PGCs
Whole-mount in situ hybridization was used to analyze expression of all four mil genes in later embryos. mil-1 expression was detected in 8.75 dpc PGCs (Figs. 6A,C) , and more intense signals were observed in PGCs migrating along the hindgut in 9.25 dpc embryos (Figs. 6E,G) . mil-2 expression in PGCs could not be detected at 8.75 dpc (Figs.  6B,D) , but its expression in PGCs was elevated by 9.5 dpc or later after the observation of intense mil-1 expression (Figs. 6F,H ,J,M,P). In somatic cells, the relatively high level expression of mil-1 was detected in branchial arch. The expression of mil-2 was also detected in somatic cells, such as branchial arch, fetal liver, endothelium of dorsal aorta, and tail bud of 9.5 dpc embryos (Figs. 6J,Q) . In contrast to the expression of mil-1 and mil-2 in PGCs, mil-3 showed ubiquitous signals (Figs. 6K,N) and mil-4 did not show any significant signal in 9.5 dpc embryos (data not shown). The expression of mil genes in PGCs is not correlated to the existence of an ISRE.
In this report, we identified mil-1 and mil-2, which preferentially expressed in germ cells but not in pluri-potent stem cells, and we showed their gene structure and unique expression patterns in germ cells. mil-1 expression was continuously detected in putative germ cell ancestors to PGCs and it showed biphasic patterns in germ cells during PGC formation and differentiation. On the other hand, the expression of mil-2 in PGCs was elevated after the observation of intense mil-1 expression. Recently, Saitou et al., in a genetic screen between single founders of germ cells and adjacent somatic cells of 7.5 dpc embryos, isolated a gene designated as fragilis, which is identical to mil-1 (Saitou et al., 2002) . They also showed that the expression of flagilis correlated to the onset of germ cell competence in 6.5-7.5 dpc embryos. Further analysis of their functions as well as regulatory mechanisms of their expression will aid in understanding the mechanisms that confer germ cell fate upon PGCs during their development in mice.
Experimental procedures

Collection of embryos
Female mice of the ICR strain were caged with male mice of the B6D2F1, and the next day was designated 0.5 dpc if a copulatory plug was found. Blastocysts were collected on 3.5 dpc by flushing uteri with Dulbecco's modified Eagle medium containing 10% calf serum. Embryos at 6.5-17.5 dpc were dissected in the same medium.
Collection of PGCs
To facilitate the purification of PGCs, transgenic mice that express eGFP under the control of the germline-specific promoter of the oct-3/4 gene were maintained in a C57BL/6 background (deltaPE: Yeom et al., 1996; Yoshimizu et al., 1999) . Transgenic male mice were caged with female mice of the ICR strain as described above. Since eGFP expression is specific enough to distinguish germ cells from other somatic cells starting around 9.0 dpc, PGCs were collected from transgenic embryos at 8.5-9.5 dpc. Embryos at 8.5-9.5 dpc were dissected and their hindguts or dorsal mesenteries were cut out and dissociated into a single-cell suspension in 0.02% EDTA/saline for 20 min at room temperature. Using a micro-manipulator (Narisige), about 50 eGFP-positive cells were collected from the cell suspension under an inverted fluorescent microscopy (Leica, model: DMIRBE). eGFP-positive PGCs in gonads of 13.5 dpc embryos were also isolated by the same way. 
Generation of cDNA pools
cDNAs were synthesized and were amplified by PCR according to the method by Shimono and Behringer (1999) . In brief, about 50 cells were lysed by heat treatment at 658C and first-strand cDNA was synthesized using a mixture of moloney murine leukemia virus (Gibco/BRL) and avian myeloblastosis virus reverse transcriptase (Roche) with poly-d(T) primer at 378C for 15 min. Polyd(A) was added onto 3 0 end of the first-strand cDNA by terminal transferase (Roche) at 378C for 15 min and then amplified by PCR with poly-d(T) containing primer.
Subtraction
The subtraction procedure was also according to the method of Shimono and Behringer (1999) . PCR-based subtraction was carried out three times to generate a PGCspecific subtracted cDNA library. Amplified cDNA pools were electrophoresed and were used for Southern blot analysis to monitor the subtraction efficiencies after each subtraction step. After subtraction, the cDNA fragments were ligated into plasmid vectors (pBluescript or pGemT Easy), which were further screened to obtain PGC-specific genes.
2.5. Screening candidate clones by Southern blot hybridization 2.5.1. 1st screening
Clones from the subtracted library were screened by Southern blot hybridization using four probes: unsubtracted PGC and blastocyst cDNAs and cDNAs after the 3rd subtraction. One hundred thirteen independent clones from the total of 757 clones showed specific hybridization with PGC probes (data not shown).
2nd screening
To further verify whether the positive clones were specifically expressed in PGCs, positive clones were used as probes for Southern blots of cDNA pools of PGCs, blastocysts, and somatic cells.
Analysis of mil cDNAs and their genome
Putative full-length cDNA fragments containing open reading frames were isolated using the CAP site cDNA of mouse testis (Wako) according to the manufacturer's instructions. The bacterial artificial chromosome genomic clone containing mil-1 was purchased from Incyte Genomics and fragments containing mil-1 were subcloned in pBluescript.
RT-PCR
RNAs were extracted using Micro Fast Track mRNA purification kit (Invitrogen) from several tissues, i.e. male and female gonads of 13.5 and 17.5 dpc embryos, and 1-week-old and 6-month-old (adult) testes and ovaries. Reverse transcription was carried out using 0.2 mg mRNA. PCR amplification was performed using Ex-taq system (Takara) for either mil-1 with 22 cycles of 1 min at 948C, 1 min at 588C, and 1 min at 728C, or mil-2 with 25 cycles of 1 min at 948C, 1 min at 608C, and 1 min at 728C. PCR amplification of Hprt was performed with 25 cycles of 1 min at 948C, 1 min at 608C, and 1 min at 728C, because the PCR products of Hprt logarithmically increased in the range from 22 to 28 cycles (data not shown). RT-PCR products were verified by Southern blot analysis. Sequences of primer sets are; 
Whole-mount in situ hybridization
Whole-mount in situ hybridization was performed using digoxygenin-labeled probe essentially according to Wilkinson (1992) . After hybridization, embryos were fixed with 4% paraformaldehyde in phosphate buffer (pH 7.4) for 1 h at 48C and were dehydrated in a graded ethanol series. Dehydrated embryos were embedded in paraffin (Paraplast; Oxford Labware) and sectioned 7 mm thick. Fluorescence double hybridization was performed with digoxygeninlabeled probe for either mil-1 or mil-2, and biotin-labeled oct-3/4 probe (Roche). Digoxygenin-labeled probe was detected by fluorescein conjugated anti-digoxygenin antibody and biotin-labeled probe was detected by rhodamine conjugated avidin according to the manufacture's instructions (Roche). Detection of the fluorescence images was performed by confocal scanning system (Leica, TCS SP2). Specific probes for mil-1 (250 bp), mil-2 (240 bp), mil-3 (185 bp) and mil-4 (488 bp) are indicated as underlines in Fig. 1A . A 1.3 kb fragment of full-length oct-3/4 cDNA that was used as probe was a kind gift from Dr Hamada (Osaka Univ.).
